The present work examines two different geometric configurations and three different lining materials that are suitable for thermal neutron radiography purposes based on a 241 Am/Be neutron source. The same source was also used for fast neutron radiography. Appropriate collimators were simulated for each of the radiography modes, comparing the effectiveness of Cadmium, Gadolinium, and Boral as lining materials for thermal neutron radiography and evaluating the efficiency of Iron and Tungsten as interior wall materials of the collimator in the case of fast neutron radiography. The presented facilities have been simulated for a wide range of parameter values to characterize neutron radiography using the MCNP4B Monte Carlo code.
Introduction
Neutron radiography (NR) is a powerful non-destructive method that works in the same way as X-or gamma ray imaging techniques, but exploits a neutron beam instead. The method has been established as a nondestructive technique and as a research tool for over 70 years and is usually used in security applications, engineering studies and industry to determine structural defects as well as in geology, medicine and biological research [1] [2] [3] [4] [5] [6] [7] .
Because of the availability of high-intensity thermal neutron beams from nuclear research reactors and based on the fact that thermal neutrons interact with various materials with very specific cross-sections that are largely independent of the atomic number (Z) of the material, thermal NR has been thoroughly developed and is commercially available. However, for objects with more than a few centimeters of thickness, the use of neutrons with higher energies is necessary. Fast neutrons that have an energy higher than 1 MeV have considerably higher penetrating capabilities, but have smaller differences in cross section from element to element, and are able to offer the prospect of expanding the range of NR applications [8] .
Both in thermal and fast NR, high flux neutron sources and well-collimated neutron beams are the main essential components of a high performance neutron radiography facility. The primary goals of this work are to find the optimum design and materials for neutron collimators based on neutrons from a 241 Am/Be source. All of the proposed designs have been simulated using the MCNP4B Monte Carlo code [9] .
Materials and methods

Neutron source
There are a number of neutron sources that are available both for thermal and fast NR. Unfortunately, all of them have a number of drawbacks. Research nuclear reactors provide high intensity thermal neutron beams, but because of thermalization, their fast neutron flux is very poor. In addition, nuclear reactors have a high capital cost and have limited facilities (availability and location).
Deuterium-Deuterium (DD) neutron generators emit neutrons with an average energy of approximately 2.5 MeV and offer on/off switching of the emitted neutrons. In addition, these generators have a compact size and a relatively low neutron flux; however, their lifetime is extremely short (usually no more than 2000 h). Deuterium-Tritium (DT) neutron generators produce neutrons with an average energy of approximately 14 MeV and, for this reason, are mainly suitable for fast neutron radiography. DT neutron generators have the same drawbacks and benefits as DD generators, except for the fact that the neutron flux of DT generators is approximately two orders of magnitude higher than that of DD generators. Accelerator-driven neutron beams also offer on/off switching of the emitted neutrons and provide higher intensity neutron beams that are mainly suitable for epithermal or fast neutron imaging. Neither accelerator is inexpensive, but both usually require a series of ancillary systems, which may occupy a large space [10] [11] [12] [13] .
A variety of commercially available isotopic neutron sources are suitable for both in situ fast and thermal radiography. Usually, these neutron sources emit a low intensity of neutrons, require adequate shielding and represent a major waste-disposal problem. However, isotopic neutron sources can be easily incorporated in transportable radiography units and, for this reason, have mostly found application where maximum portability is required. 252 Cf and 241 Am/Be are the most commonly used isotopic sources for radiography purposes. 252 Cf has a neutron emission rate and average neutron energy of approximately 2.3 × 10 6 s −1 per g and 2.3 MeV, respectively. 252 Cf is best for thermal NR because of its low average emitted neutron energy and small size, but unfortunately, it has a short half-life (2.6 years) and emits 1.3 × 10 7 photons s −1 per g with a mean energy of 0.8 MeV [14] .
For the purposes of this study, the 241 Am/Be neutron source is used. 241 Am/Be with a long half-life (432.7 years) emits approximately 2.7 × 10 6 s −1 per Ci with an average neutron energy of approximately 4.5 MeV (Fig. 1) . Additionally, the 241 Am/Be neutron source emits low energy photons with energies of 60 keV (almost 36% of decays) and 14 keV (approximately 42% of decays) [15, 16] .
Thermal neutron radiography design
In any radiography system, the collimator ratio (L/D), where L is the length of the collimator and D is the diameter of the entrance aperture, defines the quality of the image for a given radiation source type, which is described by the following equations:
where ϕ i is the neutron flux at the image plane, ϕ a is the neutron flux at the aperture, L s is the source to object distance, D is the inlet aperture diameter, u g is the geometric unsharpness and L f is the image surface to object distance. In addition, the beam divergence is a significant measure of the effectiveness of the beam near its periphery and is defined by the equation [11, 17] 
where θ is the half-angle of the beam divergence, I is the maximum dimension of the image plane (approximately equal to the diameter of its aperture next to the image plane D 0 in the calculation) and L is the length of the collimator.
The imaging quality of a thermal NR system can additionally be characterized by the Thermal Neutron Content (TNC), which illustrates the percentage of thermal neutrons within the neutron beam TNC = thermal neutron flux total neutron flux (4) and by the (n/γ) ratio, which describes the relative intensities of the neutron (n) and the photon (γ) components of the beam. According to Hawkesworth, the ratio should be [18] :
Based on previous articles by Fantidis et al. [8, 19, 20] and da Silva and Crispim [11] , high density polyethylene (HD-PE) is the optimum moderator because it provides the highest thermal neutron flux. In the literature, there are two different concepts for the design of a thermal NR collimator. The first concept only uses a conic divergent collimator [11, 19] ; the second concept uses two collimators, of which the first is a convergent collimator and the second is a divergent collimator. Fig. 2 shows the design for the first concept. According to this design, the conic divergent collimator is placed next to the required 4.1 cm of the HD-PE moderator. The most important part of the collimator, the lining, should be made of a neutron absorbing material. In this study, three different materials that are often used as lining materials in thermal NR, namely, Cadmium, Gadolinium and Boral, were considered [8, 11, 13] . The divergent collimator is composed of a 0.5 cm layer of a lining material covered by a 3.5 cm layer of borated polyethylene (PE-B), while Bismuth (Bi) with 1 cm of thickness is used as the collimator casing. The aperture is composed of three materials: a 0.5 cm-thick layer of lining; a 0.1 cmthick Indium filter that prevents epithermal neutrons from entering the neutron beam and traveling toward the object; and a 2.4 cm-thick layer of Bi to capture the unwanted gamma-rays. Fig. 3 illustrates the design of the second concept. This geometrical configuration is similar to that described previously in Ref. [13] with a minor difference in geometry. Fast neutrons from the 241 Am/Be source are thermalized using 4.1-cm thick HD-PE (1); thus, the highest thermal neutron flux at the collimator inlet aperture is achieved. The collimator is made of two parts; the first, attached to the HD-PE moderator, is a HD-PE cylinder (2) with a radius of 10 cm and length of 15 cm and incorporates a conic convergent collimator that is made from a single sapphire or has a void with a length of 15 cm and radii of 6 and 1 (or 2) cm. The larger radius is placed near the HD-PE moderator, while the smaller radius is equal to the aperture size (1 or 2 cm). The second part, the conic divergent collimator, is similar to this and was described earlier in the first concept design (Fig. 2) .
Fast neutron radiography design
As in the case of thermal NR, the quality of fast NR imaging is primarily defined by the collimator ratio (L/D). The geometric unsharpness u g is specified by equation [21] 
where D is the collimator aperture diameter, L f is the image surface to object distance and L a is the distance from the aperture to the image plane. The imaging quality of a fast NR facility can be further characterized by the Fast Neutron Content (FNC), which describes the number of fast neutrons within the neutron beam, as well as by the number of uncollided neutrons that reach at the detector.
FNC =
fast neutron flux total neutron flux (
Unfortunately, there are no materials that are strong absorbers of fast neutrons; however, suitable imaging systems can be effectively built and used. According to previous works, iron and tungsten are the best choices for "lining" materials [22] . In this case, the fast neutron collimator is also composed of two parts [8] . The first, a HD-PE cylinder with a radius and length of 10 and 15 cm, respectively, incorporates a void conic convergent collimator and is a combination of four materials (from the inside outwards): 8-cm thick iron (Fe) or Tungsten (W), 0.5-cm thick Boral, 2-cm thick PE-B, and 1.5-cm Bi. In addition, there is a 2-cm thick layer of Bi casing on the front side of the collimator. Between the two collimators, there is an aperture that comprises a combination of two materials: 0.5 cm of Boral and a 1.5 cm-thick layer of Bi (Fig. 4) .
Results and discussion
Thermal NR
For the geometric configuration that is illustrated in Fig. 2 , system simulations were carried out for variable collimator lengths (L = 10-100 cm); an aperture size equal to 0.5, 1 or 2 cm; variable diameters with the aperture next to the image plane (D 0 = 12-16 cm); and a wide range of divergence angles (θ) of the beam (θ = 4.5-30.9 • ). The distance between the object and imaging detector (L f ) was considered to be 0.5 cm [18] . The calculated thermal NR parameters, thermal neutron flux (f th ) and TNC are given in Table 1 . The n/γ ratio in all circumstances has values that are at least four orders of magnitude greater than the recommended value. The f th per source particle was calculated with the aid of the MCNP4B code using the F2 tally that gives the averaged neutron flux over a surface in neutrons cm −2 per starting neutron. Calculations were performed with NPS of up to 2 × 10 7 neutrons, yielding an accuracy of <2%. According to the results, the Gadolinium lining offers both the highest f th and maximum TNC, while the Cadmium lining gives better results than the Boral lining.
In the case of the two collimator designs, the proposed facility has a variable collimator length (L = 10-100 cm), changeable diameter of its aperture close to the image plane (D 0 = 12-16 cm), and variable divergence angle (θ) of the beam (θ = 2.3-8.5 • ), while the inlet aperture is 1 or 2 cm. The distance between the object and imaging detector (L f ) was considered to be 0.5 cm [18] . Simulations were carried out with a NPS of up to 6 × 10 7 neutrons, yielding an accuracy of <2%. The f th and TNC parameters were calculated are shown in Table 2 for different lining materials. The n/γ ratio is omitted because it has values that are at least two orders of magnitude greater than the recommended value. Based on the simulation data, the Boral lining has the maximum f th and TNC and the Cadmium and Gadolinium linings have similar results. The TNC has similar values for the three types of linings. The comparison of the two designs reveals that the presence of the first converging collimator drastically improves both the f th and TNC. In the case of the Cadmium, Gadolinium and Boral linings, the f th values increased by factors of 1.36-2.01, 1.28-2.03 and 1.74-2.38, respectively. Similarly, there is a great improvement in the TNC values. Without the converging collimator, TNC fluctuates between 0.39-1.66%, 0.41-1.65% and 0.36-1.64%, while with the converging collimator, it varies from 4.11-6.57%, 4.07-6.49% and 4.19-7.45% for Cadmium, Gadolinium and Boral linings, respectively.
If there is a requirement for higher TNC values, the converging collimator could be filled with a fast neutron filter, such as sapphire [23] . The f th and TNC parameters were also calculated for the Boral lining and for three different sapphire filter thicknesses (5, 10 and 15 cm). The results are given in Table 3 and show that the presence of sapphire has the consequence of an average reduction of the f th by a factor of 1. 
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Fast NR
Based on the fact that the 241 Am/Be source emits neutrons with an average energy of 4.5 MeV, the source was further studied with the MCNP4B code for fast NR. The F2 tally was used to calculate the fast neutron fluxes (f F ) per source particle for a total number of histories per starting neutron of up to 5 × 10 6 neutrons, yielding an accuracy of <0.2% in the calculations. The facility was studied with a second collimator that had a variable length (L = 30-200 cm), aperture diameter of 1 or 2 cm, aperture diameter next to the image plane (D 0 = 12-18 cm) and divergence angle (θ) of the beam (θ = 2.6-11.3 • ). The detector was placed at the end of the object. The object was considered to have 5, 15 or 25 cm thicknesses (t).
The f F , FNC and uncollided f F that characterizes the fast NR are given in Table 4 for iron and tungsten collimators. From Table 4 , it is obvious that except for the cases with a small collimator length (L = 30-50 cm), the two materials give similar results. The uncollided f F that characterizes the beam quality ranges between 75.02 and 98.54% for the Fe collimator and between 80.03 and 98.67% for the W collimator. The FNC fluctuates from 93.82 up to 98.65% for the iron collimator, while the corresponding values using the tungsten collimator ranges between 95.41 and 98.68%, yielding a neutron beam that is suitable for fast NR.
Conclusions
A 241 Am/Be neutron source has been simulated for thermal and fast NR purposes using the MCNP4B Monte Carlo code. For thermal NR, two different geometrical configurations and three different materials have been considered as lining materials. In the case when there is only a divergent collimator, the Gadolinium lining provides the highest f th and maximum TNC. According to the obtained results, the introduction of a convergent collimator in front of the divergent collimator improves both the f th and the TNC to a great extent. In this case, the Boral lining offers better values both for the f th and TNC. The use of a sapphire fast neutron filter in the convergent collimator has led to an improvement of the TNC parameter with relatively small decreases in f th . For fast NR, the two investigated materials, iron and tungsten, gave comparable results and the parameters that characterize the fast NR imaging indicate high-quality neutron beams.
